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Using X-ray diffractiondata,thebehaviourofKevlar49fibresatlowtemperatures,upto
-100°C,hasbeenanalysed.Duringcooling,thebasalplaneofthemonoclinicunitcell
shrinkswhereasthe c- (unique,chainaxis) lengthis notsignificantlyaffected.In contrast,in
the returnheatingcycleto ambienttemperature,the basalplaneexpandsand contraction
occursalongthechaindirection.Theunitcellregistersa reductionin volumein boththe
coolingandheatingcycles.Conspicuously,afteracycleofcoolingandheating,theunitcell
does not returnto its initialvolume. @ 2003KluwerAcademicPublishers
1. Introduction
Kevlaris a highstrength,highmodulus,lightweight
aramidfibrecommercialisedbyDuPontInc.,USA.The
widerangeofapplicationsofKevlarfibresincludesuse
in deepseaenvironmentandalsohighupin space[1]
wherethefibresorcomponentsmadeof thefibrescan
getexposedtotemperatures(T) lessthantheambient
temperatureof "-'24°C.Althoughextensiveworkhas
beencarriedoutonthehightemperaturebehaviourof
Kevlarfibres[2-12],verylittleisknownaboutKevlar
atlow temperatures.Yang[13],in areviewonKevlar
fibres,mentionsthatwhenthefibresareexposedto
temperaturesa low as-196°C, noembrittlementor
degradationoccurs.Jacksonet al. [14]haveinvesti-
gatedthedynamicsof theamidebondof PPTA in the
temperaturerange-184 to 228°Cusingonedimen-
sionalquadrupolecho2H NMR method.In a later
study,SchaeferandEnglish[15]haveelucidatedthe
dynamicsof thep-phenylenediamineringsof PPTA
in thetemperatureange-119 to75°Cusingtwodi-
mensionalexchangesolidstate2HNMR spectroscopy.
Conspicuosly,noneof theseearlierstudiesatlowtem-
peraturesconcernthecrystallographiccharacteristics.
This paperreportsthedetailsof thefirstinvestigation
onthecrystalstructuralcharacteristicsofKevlar49fi-
bresatlowtemperatures,derivedbyX-raydiffraction
methods,usinganinsitucooling/heatingarrangement.
2. Experimental details
The samplesusedwereKevlar 49 fibrescommer-
cialisedby DuPontInc.,USA X-ray diffractionpat-
ternswererecordedusingaSTOE/STADI-Pcomputer
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controlledpowderdiffractometer,in thetransmission
geometry.GermaniummonochromatedCuKa1radia-
tionwasemployed.A curvedpositionsensitivedetector
wasused.Thepatternswererecordedatthefollowing
temperaturesinthesequencegivenbelow:
Room::::} O°C ::::}-50°C::::} -lOO°C ::::}Room
temperature temperature
(24°C)(RTl) (24°C)(RT2)
To distinguishbetweenthe two room temperature
patterns,theambientemperaturepriorto coolingis
referredtoasRTI andthatreachedafterexcursionto
thechosenlowermostemperatureof -100°C is re-
ferredtoasRT2.ToreachT's<24°Caprogrammable
Oxford cryogenicsystemwith liquid nitrogenas
thecoolingagentwasused.The rateof coolingwas
-2°C/min.Thesamplewascooledbyasprayofliquid
nitrogenfromanozzle.Carewastakentoensurethat
thefibreswereascloseaspossibletothenozzletipand
atthesametimesecure noughsothattheydidnotget
displaceduringtherecordingof theX-raydiffraction
patterns.AfterrecordingtheX-raydiffractionpatterns
at -lOO°C, the cryostatwas switchedoff andthe
fibreswereallowedto returnto roomtemperaturein
anuncontrolledheatingprocess.It tookaboutanhour
towarmupfrom-lOO°C toRT2.
In theseexperiments,afterreachingthechosentem-
peratures,5 minuteswereallowedfor stabilisation.
Whilerecordingthediffractionpatterns,thetempera-
tureremainedstableuptoanaccuracyof ::I:.:O.5°C.Both
equatorialandmeridionalpatternswererecordedin
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the2erange8-72°usingtautlyheldbundlesof fibres
~0.3mmthick.As thediffractometercirclewashor-
izontal,thefibresweremountedverticallyto record
theequatorialreflectionsandthenrotatedby90°tothe
horizontalpositiontorecordthemeridionalreflections.
Theequatorialandthemeridionalpatternsincludedthe
reflections(110),(200),(310)and(002),(004),(006)
respectively.At eachof thechosentemperaturesthe
fibrewasexposedfor~ 1h.
The parameters2emax,half width(J)andtheinte-
gratedintensityI of individualreflectionswerederived
by fittingthediffractometermenudrivenLorentzian2
functiontotheobservediffractionprofiles.As is well
known,valuesof theestimatedstandardeviationsof
Figure I Moleculararrangementin thecrystallographicbc-planeof the
unitcell. The dashedlines representheinterchainhydrogenbonds.
theseparametersarealsocalculatedby thesoftware
package.The unitcell constantsa andb wereesti-
matedfromtheequatorialreflections(200)and(110)
respectively.As thereflection(310)wascomparatively
weakit wasnotincludedin thecalculations.Among
themeridionalreflections,(002)wasquiteweakand
couldnotbeusedreliably.Thehigheranglereflection
(006)wasslightlyasymmetricandhencethesubse-
quentprofilefittingusedtoderivetheprofileparame-
tershadacomparativelyhighreliabilityfactor.Hence,
theunitcell constantc wasdeterminedusingthere-
flection(004)only.Valuesof residualcrystallinity,K,
wereestimatedfromtheratio1/10where10and1 cor-
respondto theintegratedintensitiesatRT andatany
othertemperaturespectively.
3. Results and discussion
Kevlarcrystallisesin themonoclinicspacegroupPn
or P2dn [16, 17].In the crystalstructurepoly (p-
phenyleneterephthalamide)or PPTA (Fig. 1)chains
of whichKevlaris madeof [18],arefully extended
in anall transconformationandareorientedalong
thecrystallographicc-direction.(uniqueaxis).Adja-
centchainsalongtheb-directioninteractby thefor-
mationof interchainNH. . .0 hydrogenbonds.The
layersthusstabilisedby hydrogenbondsarestacked
periodicallyalongthecrystallographica-direction.
Figs2and3presenttheequatorialandthemeridional
diffractionpatternsrespectively.As atypicalexample,
ineachcategory,onlyonelowtemperaturepatternhas
beenincluded.Thediffractionpatternsatambientand
lowtemperaturesareremarkablysimilartherebyshow-
ing thatthecrystalstructureis basicallyunaffected
by exposureto thechosenlow temperatures.Exami-
nationof theprofilecharacteristics,however,indicate
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Figure 2 Equatorialdiffractionprofilesfromfibres(a)prior tocooling (RTl) (b) At -100°C and(c) At RT2. Where * is Ice peale(Continued.)
(a)
--.....----.------------
'--"-" ..--
(b)
Figure 2 (Continued).
interestingfeatures,viz., (i) duringheatingaswellas
cooling,theunitcellmanifestsananisotropicdimen-
sionalchangeand(ii) in thereturn,heatingcyclethe
unitcelldoesnotreturntoitsinitialdimensions.Details
of theseobservationsarepresentedbelow.
3.1.Basalplanedimensions
Withloweringof temperature,the2Bmaxvaluesof the
equatorialreflectionsexhibitaprogressiveshifttowards
higherangles.Mostof theobservedshifts(~'s)in the
2Bmaxvalues,thoughsmall,arestatisticallysignificant,
with I~I/<T> 3. Here <Tis the standard deviation of
the~ value.TableI presentsthepercentagevariations
(c)
in theunitcelldimensions.Here,ao,boandCocorre-
spondto theparametersatRTl. Withtheloweringof
temperaturefromRTI to-1 oooe,botha-andb-values
decreaseprogressively.At T =- 1oooe,thereductions
are"-'0.7and0.1% respectively.Thedifferencein the
magnitudesof thereductionsin thea- andb-valuesis
indeedconspicuous.It mustbementionedthatsimilar
preferentialchangein thea-valuehasbeenobservedin
Kevlar49 fibresexposedto T's upto 5000ealso[8,
9, 12].It appearsthereforethatin thebasalplane,the
a-dimensionisreadilyaffectedbychangesintempera-
ture,beithighor low,thantheb-dimension.Thepref-
erentialsensitivityof thea-lengthmaybeassociated
135
T ABLE I Percentagesvariationsin theunitcell dimensions
The ~'s in columns2-6 aredefinedas OLowtemperature/RT2-0RTl.
The unitcell dimensionsatRT I areindicatedby thesubscripto.
Theincreasein thebasalplaneareaintheheatingcyclefrom-lOOoetoRT2is ~ 1.3%(Notlistedinthetable).
(a)
. .".",- (b)
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Figure 3 Meridional diffraction profiles from fibres: (a) prior to cooling (RTl) (b) at -50oe and (c) at RT2. Where*'is"Ice peak. (Continued.)
~t3~
Temperature(°C) (afao)lOO (Mfbo)100 (Mfco)IOO (AfAo)IOO (VfVo)IOO
RTi
0 -0.123 0.094 0.002 -0.030 -0.027
-50 -0.401 -0.059 0.006 -0.459 -0.453
-100 -0.698 -0.117 -0.061 -0.815 -0.877
RT2 0.236 0.249 -2.537 0.486 - 2.064
Figure 3 (Continued).
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Figure 4 Percentagevariationin the(a)basalplanearea,(b)axiallength
for thecoolingandheatingcyclesrespectively.Valuesof a(!OC), calcu-
latedusingadjacentdatapoints,havealsobeenincluded.
withthepresenceof vanderWaal'sinteractionsalong
thecrystallographica-direction[16].
Theshrinkageinthebasalplanearea,A isdepictedin
Fig. 4a.At -100°C, thereductionis "'-'-0.8%.In the
return,heatingcyclefrom-100°C to RT2, thebasal
plane,however,enlarges.Theseobservationsarenot
verysurprisingbecausemostmaterialsexhibitshrink-
ageduringcoolingandexpansionduringheatingand
thebasalplaneofKevlar49fibresexhibitsthisconven-
tionalbehaviour.
The interestingfeature,however,concernstherel-
ativedimensionsof thebasalplaneatRTI andRT2
(c)
respectively.Althoughbothreferto theambientem-
peratureof "'-'24°C,thedimensionsatRTl andRT2are
notthesame.As shownin Fig. 4ain thereturn,heat-
ingcyclefrom-100°C toRT2,themagnitudeof the
expansionismuchmorethantheshrinkageintroduced
duringcoolingfromRTl to -100°C. Thus,theresult
of coolingfromRTl to-100°C andreturningtoRT2,
leavesthebasalplanewitha0.5%expansionfromthe
initialarea.
In Fig.4athecoefficientsofnegativethermalexpan-
sion,CXA,of thebasalplaneareafor adjacenttempera-
turerangeshavebeenmarked.ThevariationofCXAwith
T isnotlinear.FortheentirerangeofcoolingfromRTI
to-100°C,thevalueofcxAis-65.7x 1O-6;oC.Incon-
trast,thecoefficientof thermalexpansioncorrespond-
ingtoheatingfrom-100°C toRT2is 105.8x 1O-6;oC
andis "'-'1.6timesthecoefficientof contractionob-
servedduringcoolingthroughthesametemperature
range.It mustbepointedoutthatin thepresentstudy,
thecoolingandheatingrateswerenot identical.Al-
thoughcoolingupto-100°Cwasattherateof2°C/min,
heatingfrom-100°C toRT2 wasuncontrolled.Pos-
siblecontributionfromthedifferencein coolingand
heatingratesto theobserved ifferencesin theCXA'S
duringheatingandcooling,cannotberuledout.
3.2. Axial dimension
Thebehaviourof theaxialdimensionduringcoolingis
verydifferentfromthatof thebasalplane.Thestrik-
ing featureis thatatT's <24°C,theobservedshifts
in the28maxvaluesof themeridionalreflectionsare
notstatisticallysignificant,heIb..1/a valuesbeing<1.
As seenfromFig. 1,in thecrystalstructureof Kevlar,
thec-lengthof theunitcellrepresentstheend-to-end
lengthofaPPTA monomerwhichhasanall transfully
extendedconformation[16].Absenceof significant
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shiftsin the2emaxvaluessuggeststhatexposuresto
temperaturesup to -IOOoe, donotintroducesignif-
icantchangesin the initialmolecularconformation.
Fig.4bpresentsthepercentagevariationinthec-Iength
which,forreasonsmentionedabovearenotconsidered
statisticallysignificant.
It hasbeenreportedthatKevlar49fibresexhibita
macroaxialcontractionduringheating[19,20].There-
centhightemperaturestudiesof JainandVijayan[19]
showedthatsimilarto themacrobehaviourof thefi-
bre,thecrystallographicunitcellalsomanifestsanax-
ialcontractionduringheating.Thus,thenegativeaxial
expansioncharacteristicof themoleculesin thecrys-
tallographicunitcellandalsoof theentirefibre,dur-
ingheating,hasbeenunambiguouslyestablishedinthe
past.Thenearinvarianceof thec-lengthduringcool-
ing,observedinthepresentstudysuggestshatalthough
heatingintroducescontraction,coolingcausesnosig-
nificantchangesindimension.
Unlikein thecaseof datacorrespondingtocooling
the I~I/a value for the shift in the 2emaxvalue intro-
ducedduringheatingfrom-Ioooe toRT2is ~52and
thisshiftis indeedstatisticallyreliable.Fig.4bdepicts
thereductionof~2.5%inthec-lengthduringthereturn
heatingcyclefrom-Ioooe toRT2.Thecoefficientof
negativethermalexpansion,(XA,correspondingto the
observedshrinkagehasalsobeenmarkedinFig.4b.
As in thecaseof thebasalplanedimensions,the
c-valueatRT2is verydifferentfromthestartingvalue
atRTI. Thestrikingdifference,however,concernsthe
directionsofchange.Whereasthebasalplaneexpands
duringheating,theaxiallengthcontracts,leadingtothe
followinginequalities
Basal plane:(a, b)RTl < (a, b)RT2
Axial dimension:(C)RTI> (C)RT2
3.3.Unitcellvolume,V
Fig. 5presentsthepercentagevariationin theunitcell
volume.It is seenthatin thecoolingcycletheunitcell
contracts,withthemajorcontributiontotheshrinkage
arisingfromthereductionin thebasalplanedimen-
sions.Interestingly,in theheatingcyclealso,theunit
cellcontracts,despiteanincreaseinthebasalplanearea
by~ 1.3%.Theprincipalcontributortothereduction
involumeis theshrinkageof thec-axialdimensionby
° Cooling cycle
0 Heatingcycle
-1
~ '. -1i
1
-1.5~ ................
- .2l"""'oRT2
TemperaturerCI
FiguPI!5 Pl!rcl!ntagevariationi thl!unitcellvolumeforthecoolingand
heatingcyclesrespectively.
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~2.5%whichis significantlymorethantheincrease
in thebasalplanearea.Thus,afterundergoingacycle
comprisingofbothcoolingandheatingof thetypede-
scribedabove,Kevlar49fibresarecharacterisedby a
crystallographicunitcellsmallerthantheinitialone.It
mustbepointedoutthatsimilardataregardingtheeffect
of cycliccoolingandheatingonthemacrobehaviour
of thefibrearenotavailablein literature.
ThenegativeaxialexpansionofKevlar49fibreshas
beena causeof concernto usersof Kevlarfibrerein-
forcedcomposites,atelevatedtemperatures.In acom-
posite,ifthereisanisotropicshrinkageinthevolumeof
thefibreatelevatedtemperatures,thepropertiesof the
componentsmadeof thecompositecandeviatefrom
theinitialvaluesandthusaffecttheiranticipatedper-
formance.Thepresentstudysuggeststhatanothersim-
ilar causeof concernmayarisefromcycliccooling
andheating.If thebehaviourof theunitcell which
hasemergedfromthepresentstudycouldbeextrapo-
latedtothemacrobehaviourof thefibre,it islikelythat
whencomponentsmadeofKevlar49fibresgetexposed
to low temperatureandthenbroughtbackto ambient
conditions,thefibrefractionof thecompositewould
havesufferedaresidual,reductionin volumewhichin
turncanaffectthepropertiesandperformanceof the
composite.
3.4. Half width, w
As is wellknown,thehalfwidthsof X-rayreflections
arerelatedtothecrystallitesizeandmicrostrain.In the
caseof Kevlarfibres,changesin halfwidthvaluesof
boththeequatorialandmeridionalreflectionsduring
heatingaswellascoolingwerestatisticallynotsignifi-
cant.Neitherthecrystallitesizenorthelatticestrainsof
Kevlar49fibresthusappeartobesensitivetoexposures
tolowtemperatures.
3.5. Crystallinity
It is wellknownthatthecrystallinityof a diffracting
materialaffectsthetotalintensitydistributionin theX-
raydiffractionpattern[22].Thecrystallinityofafibre,
in turn,is closelyrelatedto itstensilemodulus.Rela-
tivechangesinthecrystallinityvaluescanbeidentified
froma comparisonof theintegratedintensities,esti-
matedunderidenticalexperimentalconditions.Based
onthecorrelationbetweenI andcrystallinity,thetem-
peratureinducedvariationsin theresidualcrystallinity
valuesof Kevlar49fibreshavebeenderived(Fig.6).
Here,theintegratedintensitiesof theequatorialpat-
ternshavebeenused.In thecoolingcyclefromRTI
to -IOOoe, thecrystallinityincreasesby ~ 1.6%.In
contrast,in theheatingcyclethecrystallinityreduces
by ~8%.This decreaseis similarto thebehaviourof
fibresheatedabove24°C[8,10].The correlationbe-
tweencrystallinityandtensilepropertiesuggeststhat
thetensilemodulusofKevlar49fibresexposedtolow
temperaturesmaybeexpectedtobeadverselyaffected.
Detailsof theexperimentswhichestablishthechanges
in thetensilemodulusof Kevlar49 fibresexposedto
lowtemperatureswill bepresentedelsewhere.
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Figure 6 Variationin theresidualcrystallinityin thecoolingandheating
cyclesrespectively.
4. Conclusion
ExposuresofKevlar49fibrestolowtemperaturesupto
-100°C andsubsequentheatingtoambientempera-
tureof ~24°C,bothintroduceanisotropicdimensional
changesin thecrystallographicunitcell. In thecool-
ingcycle,thebasalplaneofthemonoclinicellshrinks
andtheaxialdimensionwhichcorrespondstotherepeat
unitof thePPTA chaindoesnotregisteranysignificant
change.Incontrast,intheheatingcycle,thebasalplane
expandsandtheaxialdimensionshrinks.Interestingly,
theunitcellregistersareductioninvolumeinboththe
coolingandtheheatingcycles.Afterthecoolingand
heatingcycles,theunitcelldoesnotreturntoitsinitial
dimensions.Crystallinityvaluessuggestareductionin
thetensilemodulus.
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